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Ischemic-reperfusion injury in the kidney: Overexpression of colonic
H-K-ATPase and suppression of NHE-3. lschemic renal injury is
associated with changes in the expression of a number of genes. Although
pH regulation is undoubtedly important during the recovery from isch-
emia, the expression of acid-base transporters during acute ischemic renal
failure has not been studied. In the present study, levels of mRNA
encoding the colonic H'-K-ATPase and four isoforms of the Na/H
exchanger (NHE-1, NHE-2, NHE-3 and NHE-4) were measured by
quantitative Northern analysis in rat renal cortex and medulla following
ischemia-reperfusion injury. Rats were subjected to 30 minutes of renal
artery occlusion and then sacrificed either 12 or 24 hours after the
occlusion was released. The most striking changes followed 30 minutes of
occlusion and 12 hours of reperfusion and involved the mRNA for NHE-3
(involved in HCO3 reabsorption in proximal tubule and thick limb) and
colonic H-K-ATPase (involved in HCO3 reabsorption in collecting
duct). These changes were: (1) a —75% decrease in NHE-3 mRNA in
both cortex and medulla; and (2) an —8-fold increase in colonic H4-K-
ATPase mRNA in the cortex. At 12 hours of reperfusion, there was a 66%
reduction in the Na/H exchanger (NHE-3) activity as assayed by
acid-stimulated 22Na influx into brush border membrane vesicles (P <
0.01). After 24 hours of reperfusion, NHE-3 mRNA remained suppressed
while cortical colonic H-K'-ATPase mRNA declined to only twice the
control level. Medullary colonic H-K-ATPase mRNA did not change
significantly. Gastric H-K-ATPase mRNA in cortex or medulla re-
mained the same at 0, 12, and 24 hours after reperfusion. Cortical NHE-1
increased mildly at 12 and 24 hours of reperfusion whereas a moderate
decrease in NHE-2 and NHE-4 mRNAs was observed in cortex and
medulla after both 12 and 24 hours of reperfusion. We suggest that
overexpression of colonic H-K-ATPase in the early phase of renal
reperfusion injury may be responsible for compensatory reabsorption of
increased HCO3 load resulting from suppression of NHE-3. This was
supported by a fourfold increase in colonic H-K-ATPase mRNA in rats
treated with acetazolamide, which causes renal HCO3-wasting. Rapid
decline in colonic H-K-ATPase expression at 24 hours after reperfusion
is likely due to reduced HC03 delivery to distal tubules resulting from
decreased GFR. Overexpression of H-K-ATPase may be vital to
acid-base homeostasis in the early phase of acute ischemic renal failure.
Transient cessation in renal blood flow causes acute ischemic
insult [1—61. The renal injury worsens despite resumption of renal
Received for publication July 30, 1996
and in revised form October 29, 1996
Accepted for publication October 30, 1996
© 1997 by the International Society of Nephrology
blood flow [1—6]. The functional and structural damage in isch-
emic kidneys appears to result, in part, from the process of
reperfusion [1—61. The magnitude of reduction in kidney function,
as measured by GFR, depends on the duration and severity of the
initial ischemic insult and the rate of recovery process [5, 6].
Mammalian renal cells respond to ischeniic insult by inducing a
number of proto-oncogenes and growth factors [6—111. The
beneficial effect of some of these factors in influencing the
recovery process has been suggested [6, 12, 13].
Although the renal epithelium is mainly involved with move-
ment of water and ions, studies of acute renal failure have not yet
focused on the regulation of acid-base balance and sodium
transporters. Moreover, the molecular basis for the complex
acid-base disturbances associated with the cellular injury are
poorly understood. Specifically, the role of transporters that are
involved in vectorial transport of bicarbonate, and therefore
acid-base homeostasis, remains unknown. Moreover, in addition
to being responsible for vectorial transport of bicarbonate, renal
cells also maintain their own cell pH (pHi) at a narrow range by
close coordination of a variety of transporters. Although alter-
ations in intracellular or extracellular pH might play a significant
role in recovery from ischemic renal injury [6, 14, 15], there is little
information on the nature of transporters involved. Further, while
the genes encoding a majority of the transporters that are involved
in pH1 regulation or HC03 reabsorption are known [16—19]
there is little information on their molecular regulation in reper-
fusion injury.
The purpose of the present study was to examine the expression
of several proton transporters in a model of renal reperfusion
injury. In addition to studying the expression of acid-base trans-
porters that are mainly involved with cell pH regulation, we were
specifically interested in acid-base transporters that are mainly
involved with vectorial transport of HC03, including the
Na/H exchanger isoform NHE-3 and H-K-ATPases. We
found that colonic H-K-ATPase and NHE-3 were differentially
regulated in reperfusion injury; NHE-3 decreased whereas colonic
H-K-ATPase increased 12 hours after reperfusion in rats
subjected to 30 minutes of renal ischemia. The differential expres-
sion of acid-base transporters might affect acid-base homeostasis
or the rate of recovery in corresponding renal cells in ischemic
renal injury.
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Fig. 1. Light microscopy of kidneys with ischemic injwy. Rats were subjected to 30 minutes (A) or 15 minutes (B) of renal pedicle occlusion and studied
at 24 hours of reperfusion. C. Control group.
Methods
Renal ischemia-reperfusion model
Male Sprague-Dawley rats, weighing 250 to 350 g, were housed
two per cage, with free access to food and water. Rats were
subjected to ischemic renal injury as described [12, 20, 21]. Briefly,
rats were anesthetized with sodium pentobarbital i.p, at 60 mg/kg.
The body temperature was kept constant by placing the animal on
a heating pad. The abdomen was prepared with Betadine. A
midline peritoneal incision was made and the kidneys were
exposed. Perirenal fats were removed and a non-traumatic vascu-
lar clamp was applied across the pedicles. Cessation of blood flow
to the kidneys was verified by the blanching of the kidneys. The
clamps were removed after 15 or 30 minutes and return of blood
flow to the kidneys noted. The incision was then sutured and the
animal allowed to recover. The animals were killed at 12 or 24
hours after reperfusion and the kidneys were removed. Cortex
and medulla were separated and snap frozen. Frozen kidneys
were stored at —70°C. For control, kidneys were removed at the
time of initial surgery without clamping. Three rats were studied
for each reperfusion time point following 15 or 30 minutes of
ischemia. The time points (12 and 24 hr) were chosen in order to
study early events in reperfusion injury.
Acetazolamide-treated model
Rats (3 per each group) were injected with acetazolamide at 75
mg/kg i.p. at 0 and 12 hours. Animals had free access to food and
water. Animals were killed 12 or 24 hours after acetazolamide
injection and studied for systemic acid-base parameters. For
control, rats were killed at time zero and did not receive any
acetazolamide. Kidneys were removed and snap forzen. Frozen
kidneys were stored at —70°C until used.
RNA isolation
Total cellular RNA was extracted from renal cortex or medulla
by the method of Chomczynski and Sacchi [22]. In brief, 0.5 to 1
gm of tissue was homogenized at room temperature in 10 ml Tn
Reagent (Molecular Research Center Inc., Cincinnati, OH,
USA). RNA was extracted by phenol/chloroform and precipitated
by isopropanol [22]. RNA was quantitated by spectrophotometry
and stored at —80°C,
Northern hybridization
Total RNA samples (30 g/Iane) were fractionated on a 1.2%
agarose-formaldehyde gel and transferred to Magna NT nylon
membranes (MSI) using 10 X SSPE as transfer buffer. Mem-
branes were cross-linked by UV light and baked for one hour [231.
Hybridization was performed according to Church and Gilbert
[24]. Briefly, membranes were placed for one hour in 0.1 X
SSPE/1% SDS solution at 65°C. The membranes were then
prehybridized for one to three hours at 65°C with 0.5 M sodium
phosphate buffer, pH 7.2, 7% SDS, 1% BSA, 1 ms EDTA, and
100 g/ml sonicated carrier DNA. Thereafter, the membranes
-I a
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were hybridized overnight in the above solution with 30 to 50 X
10 cpm of 32P-labeled DNA probe for NHE-1, NHE-2, NHE-3,
NHE-4, colonic H-K-ATPase, or /3 actin. The cDNA probes
were labeled with 32P-deoxynucleotides using the RadPrime DNA
labeling kit (Gibco BRL, USA). The membranes were washed
twice in 40 m sodium phosphate buffer, pH 7.2, 5% SDS, 0.5%
BSA, and 1 mtvi EDTA for 10 minutes at 65°C, washed four times
in 40 m sodium phosphate buffer, pH 7.2, 1% SDS, and 1 mM
EDTA for 10 minutes at 65°C, exposed to Phosphor Imager
cassette at room temperature for 24 to 72 hours, and read by a
Phosphor Imager (Molecular Dynamics). The following rat NHE
PCR product fragments were used as isoform-specific probes in
the Northern blot analysis: (1) NHE-2, nucleotides 1899-2215; (2)
NHE-3, nucleotides 1883-221 7; and (3) NHE-4, nucleotides 1642-
1959. For NHE-1, the PstI-PstI fragment (nucleotides 478-1850)
from the rat NHE-1 cDNA was used. For colonic H-K-
ATPase, three PCR products from the rat alpha subunit cDNA
(nucleotides 135-5 15, 2369-2998 and 3098-3678) were pooled and
used as isoform-specific probe. For gastric H-K-ATPase, the
EcoRV-PstI fragment was used as specific probe.
Membrane vesicles preparation
Brush border membrane (BBM) vesicles were isolated from
kidney cortices by a Ca2 aggregation method [251 as employed
previously [26, 27]. The purification of BBM vesicles relative to
the initial cortical homogenate was 7.5 1.3-fold for the control
and 8.1 1.4-fold for the reperfusion groups based on the
enrichment in specific activity of alkaline phosphatase (P > 0.05,
N=3).
22Na + influx measurement
Brush border membrane vesicles were washed, preincubated in
a Hepes/MES buffer, and assayed for acid-stimulated Na/H
exchanger activity using 22Na influx and a rapid filtration method
as previously described [28, 29]. All experiments were performed
using vesicles treated with valinomycin (0.5 mglml) and pre-
equilibrated in media of appropriate composition to ensure that
[K1]0 = [K] during uptake measurements.
Materials
32P and 22Na was purchased from New England Nuclear
(Boston, MA, USA). RadPrime DNA labeling kit was purchased
from Gibco BRL. Sodium dodecyl sulphate (SDS), acrylamide,
and NN'-methylenebisacrylamide were purchased from Bio-Rad
(Hercules, CA, USA). Amiloride and other chemicals were
purchased from Sigma Chemicals (St. Louis, MO, USA).
Statistical analysis
The data are expressed as mean sa where appropriate. For
statistical analysis of difference on the level of mRNA expression,
Phosphor Imager readings were obtained and analyzed. For each
time point there were at least three different samples, each from
a separate animal. The readings for /3-actin mRNA were obtained
as constitutive controls. Statistical analysis was determined using
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analysis of variance or ANOVA. P < 0.05 was considered
statistically significant.
Results
Figure 1 shows light microscopy of kidneys at 24 hours of
reperfusion in rats subjected to 30 minutes (la) or 15 minutes (ib)
of renal artery occlusion. As shown, the severity of structural
damage compared to control (Ic), as assessed by alterations in
tubular morphology, was much more severe in animals with 30
minutes occlusion. These two time points, 30 minutes versus 15
minutes renal ischemia, have been employed to study renal injury
with (30 mm) or without (15 mm) significant azotemia. In the
15-minute ischemia group after 24 hours, there were no changes
visible on light microscopy (ib). In the 30-minute ischemia group
and after 24 hours, the classic findings of acute tubular necrosis
were seen that included brush border loss, tubular dilation,
tubular cell detachment, and RBCs and WBCs in the peritubular
apace (Ia). Blood urea nitrogen and serum creatinine, used as
markers of kidney dysfunction, were maximally elevated at 24
hours of reperfusion in kidneys subjected to 30 minutes of initial
ischemia [20, 211. However, 15 minutes of initial ischemia did not
result in an apparent rise in BUN or serum creatinine after 12 or
24 hours of reperfusion [21]. Inulin clearances in this model were
initially performed to validate their correlation with BUN and
serum creatinine measurements as markers of renal function
(Rabb, personnal observations). The structural damage at 12
hours of reperfusion was less significant compared to 24 hours in
animals with 30 minutes of ischemia (data not shown).
In the next series of experiments, we examined the effect of
30-minute ischemic injury on renal acid-base transporters that are
mainly involved with HC01 reabsorption. Accordingly, the
expression of NHE-3 and H-K-ATPase mRNA was studied.
Figure 2 shows that in kidneys from rats subjected to 30 minutes
of renal ischemia the expression of NHE-3 at 12 hours of
reperfusion decreased significantly and remained low at 24 hours
in both cortex and medulla. The expression of NHE-3 in the
cortex decreased by 76% 6 and 81% 7 at 12 and 24 hours
after reperfusion, respectively, compared to control kidneys re-
moved at time zero (P < 0.01 for each time point vs. control). The
expression of NHE-3 in the medulla decreased by 79% 5,and
83% 6 at 12 and 24 hours after reperfusion as compared to
control groups (P < 0.01 for each time point vs. control).
To examine the effect of ischemia-reperfusion on Na/H
exchanger activity, BBM vesicles from rats after 12 hours of
reperfusion were washed and preincubated in a Hepes/MES
buffer (Table 1 legend). The 10 second and two hour uptake of
22Na influx into vesicles was assayed in the presence of an inward
pH gradient (pH0/pH 7.5/6.0) and + 1 mi amiloride added to
the external solution. Table 1 shows that vesicles from reperfused
animals had significantly lower exchanger activity compared to
control animals (P < 0.01). The two hour 22Na uptakes (equi-
librium values), while slightly lower in reperfused animals, were
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Fig. 2. NHE-3 Northern hybridization in rat
kidney. Representative Northern blots showing
NHE-3 and -actin transcript levels in cortex
and medulla at time 0 (lane 1), 12 hours (lane
2), and 24 hours (lane 3) of reperfusion after
30 minutes of renal pedicle occlusion. NHE-3
transcript size was —5.6 kb. 30 pg RNA were
loaded on each lane.
not significantly different, indicating that 12 hours of reperfusion
injury did not affect vesicle integrity.
In contrast to NHE-3, the expression of colonic H-K-
ATPase in the cortex increased significantly at 12 hours and, while
it remained elevated, significantly decreased at 24 hours after
reperfusion (Fig. 3). The mRNA levels for H-K-ATPase in the
cortex increased by 8.65 1.45-fold above control at 12 hours
after reperfusion (P < 0.01) and decreased to levels at twofold
above normal at 24 hours (2.37 0.4-fold at 24 hr above control,
P < 0.05). The abundance of colonic H-K-ATPase mRNA in
the medulla, while comparable to cortex at time zero, was less
significantly affected at 12 or 24 hours of reperfusion; the expres-
sion of H-K-ATPase increased by only 2.52 0.6-fold at 12
hours and returned to normal at 24 hours after reperfusion.
To determine the effect of ischemia-reperfusion injury on the
renal acid-base transporters that are mainly involved with pHjcell
volume regulation, the expression of mRNA for Na7H ex-
changer isoforms NHE-1, NHE-2, and NHE-4 was examined.
Northern hybridization showed that the expression of NHE-1
mRNA in the cortex increased mildly (—35%) at 12 or 24 hours
after reperfusion (Table 2). The expression of NHE-2 and NHE-4
mRNAs in the cortex and medulla, however, mildly decreased at
12 and 24 hours after reperfusion (Table 2).
Thus, expression of NHE-3 and colonic H-K-ATPase
mRNA in reperfusion injury following 30 minutes of renal artery
occlusion differed in both magnitude and direction. To determine
the effect of severity of the initial ischemic insult, rats were
subjected to 15 minutes of renal pedicle clamping, and studied at
12 and 24 hours after reperfusion. There was no rise in BUN or
serum creatinine at either time point. Figure 4 shows that the
expression of NHE-3 in the cortex was mildly decreased at 12 and
24 hours of reperfusion. NHE-3 mRNA levels in the medulla were
not affected (data not shown). The results of three separate
Northern blots showed that the expression of cortical NHE-3
decreased by 25% 5 at 12 hours and by 21% 4 at 24 hours of
Table 1. Effect of reperfusion injury on amiloride-sensitive Na influx
in renal brush border membrane vesicles
Na influx mollmg protein
10 seconds 2 hours
Control 312 22 1510 166
12 Hours of reperfusion 106 12 1270 142
P <0.01 > 0.05
Cortical BBM vesicles isolated from control and reperfusion groups
were pre-equilibrated for 120 mm at 20° C in a medium consisting of
100 m potassium gluconate, 52 m'vi Mes, 42 mM Hepes, 21 mM
TMA-hydroxide, pH 6.0. Ten second and 2 hour uptakes of 2 mM 22Na
into BBM vesicles were assayed in the presence of a medium consisting of
100 mM potassium gluconate, 31 m'vi mannitol, 10 mtvi Mes, 42 mM Hepes,
31 mrvi TMA hydroxide, pH 7.5 1 ms amiloride. Values shown for
uptakes represent mean SE for three separate experiments.
reperfusion compared to control. The Na/I-I exchanger activity
as measured by 22Na influx into BBM vesicles was signifcantly
lower at 12 hours of reperfusion in rats subjected to 15 minutes of
ischemia compared to control (270 21 in C vs. 202 17
nmol/mg protein/b seconds in injury groups, P < 0.05, N 3).
When compared at 12 hours of reperfusion, the expression of
cortical NHE-3 after 15 minutes of renal artery occlusion was less
severely affected compared to 30 minutes of occlusion (Fig. 2 vs.
Fig. 4). The expression of cortical NHE-3 following 15 minutes or
30 minutes of renal artery occlusion and after 12 hours of
reperfusion decreased by 22% or 73%, respectively (P < 0.05;
N=3).
The effect of 15 minutes of renal artery occlusion on the
expression of colonic H -K-ATPase was studied next. As shown
in Figure 5, the expression of cortical H-K-ATPase increased
at 12 hours after reperfusion and remained elevated at 24 hours.
The mRNA levels for colonic H-K-ATPase in the cortex
increased by 6.3 1.1-fold at 12 hours and 5.2 0.8-fold at 24
H-K-ATPase
Cortex
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Fig. 3. Colonic H-K-ATPase Northern
hybridization in rat kidney. Representative
Northern blots showing H-K-ATPase and
13-actin transcript levels in cortex and medulla
at 0, 12, and 24 hours of reperfusion (lanes 1,
2, and 3, respectively) after 30 minutes of renal
pedicle occlusion. H-K-ATPase transcript
size was ---4.2 kb. Thirty micrograms of RNA
were loaded on each lane.
Table 2. NHE/beta actin mRNA ratio in ischemia-reperfusion
NHEIbeta
actin ratio
%of
control
12 Hours of reperfusion
%
24 Hours of reperfusion
%
—__________
Cortex Medulla Cortex Medulla
NHE-1 136 6% 110 5% 142 7% 103 4%
NHE-2 76 5% 45 7% 86 7% 56 7%
NHE-4 67 8% 53 5% 82 8% 62 6%
mRNA levels for NHE-1, NHE-2, NHE-4, and beta actin were mea-
sured at time 0 (control), 12, and 24 hours of reperfusion in rats subjected
to 30 minutes of ischemia. Values are expressed as % of control. Values
shown for mRNA ratios represent mean SE for three separate experi-
ments
aP < 0.05 vs. control
hours (P < 0.03 vs. control for each time point). When compared
at 12 hours of reperfusion (Fig. 6), the colonic H-K-ATPase
mRNA levels went up as much following 15 minutes of occlusion
as it did following 30 minutes of occlusion (P> 0.05, N = 3). The
expression of NHE-1, NHE-2, and NHE-4 mRNA was not
affected at 12 or 24 hours of reperfusion after 15 minutes of renal
artery ligation (data not shown). Lastly, the effect of 30 minutes of
renal ischemia on the expression of gastric H-K-ATPase was
studied. The results showed that the mRNA level for gastric
H-K-ATPase did not change at 12 or 24 hours after reperfu-
sion (data not shown).
Increased expression of colonic H-K-ATPase was associated
with suppression of NHE-3 activity. This raises the possibility that
increased delivery of F1C03 to the distal nephron, resulting from
suppression of NHE-3 activity, could increase colonic H-K-
ATPase expression. To test this hypoyhesis, the effect of acetazol-
amide (ACTZ) on acid-base variables and kidney mRNA level for
colonic H-K-ATPase was studied. Rats were injected with
ACTZ at 75 mg/kg (i.p) every 12 hours and were killed at 12 (one
injection) or 24 hours (two injections) after the first injection. For
control, rats did not receive any ACTZ. Rats treated with ACTZ
showed the serum electrolyte pattern of hyperchloremic meta-
bolic acidosis consistent with proximal RTA (Table 3). Northern
blot analysis showed a significant increase in colonic H-K-
ATPase mRNA level after 24 hours of ACTZ treatment (Fig. 7,
upper panel, right lane). The mRNA levels for H-K-ATPase
increased by 3.85 0.35 fold above control at 24 hours (P < 0.01,
N = 3). Equal loading of RNA loading is shown (Fig. 1B). Serum
[K] was not significantly different in control and ACTZ-treated
group (Table 3), indicating that increased expression of colonic
H-K-ATPase mRNA was not due to hypokalemia.
We used 13-actin expression as the constitutive control gene in
Figures 2 to 6. Figure 8 (A to E) shows nitrocellulose transferred
RNA membranes for gels in Figures 2 to 6 and indicates equiva-
lent loading of gels.
Discussion
Our data show that NHE-3 and colonic H-K-ATPase are
differentially regulated in renal ischemia-reperfusion injury (Figs.
2 and 3). NHE-3 mRNA was suppressed whereas H-K-ATPase
mRNA increased at 12 hours of reperfusion in kidneys from rats
subjected to 30 minutes of renal ischemia. The magnitude of
suppression of NHE-3 correlated with the severity of initial
ischemic insult. Kidneys from rats subjected to 30 minutes of renal
ischemia showed more NHE-3 mRNA suppresssion compared to
15 minutes of occlusion (Figs. 2 and 4). The increased expression
of colonic H-K-ATPase mRNA, however, did not correlate
with the severity of the initial ischemic insult (Figs. 3, and 5). In
kidneys from rats subjected to 30 minutes of renal ischemia
colonic H-K-ATPase mRNA increased (>8 fold) at 12 hours
of reperfusion and then declined signifcantly at 24 hours of
reperfusion (Fig. 3). In kidneys from rats subjected to 15 minutes
of renal ischemia, however, colonic H-K-ATPase mRNA levels
increased (>6-fold) at 12 hours of reperfusion and remained
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Fig. 4. NHE-3 Northern hybridization in rat kidney. Representative North-
ern blots showing NHE-3 and 13-actin transcript levels in cortex at 0, 12,
and 24 hours of reperfusion (lanes 1, 2, and 3, respectively) after 15
minutes of renal pedicle occlusion; 30 pg RNA were loaded on each lane.
elevated at 24 hours of reperfusion (Fig. 5). Proton transporters
that were involved in pH1 or cell volume regulation were also
examined. These transporters included NHE-1, NHE-2, and
NHE-4. The results showed that cortical NHE-1 mRNA mildly
increased at 12 and 24 hours after reperfusion (Table 2), whereas
NHE-2 and NHE-4 showed a moderate decrease in their mRNA
levels after 12 and 24 hours of reperfusion (Table 2).
Models of renal ischemic-reperfusion injury have been well
characterized with respect to severity of renal failure, structural
damage, and growth factor and proto-oncogenes expression
[1—13]. Glomerular filtration rate (GFR), assessed by serum
creatinine or inulin clearance as markers of renal function, is
maximally decreased during the first day of reperfusion in animals
subjected to 30 minutes of renal ischemia, remains low for several
days, and gradually normalizes within four days [1—13, 20, 21].
However, 15 minutes of renal artery occlusion is not associated
with an appreciable rise in BUN or creatinine during reperfusion
injury [21]. Several studies have shown that the magnitude of
increased expression of the "immediate early" genes, Egr-1 and
c-fos, and genes that are involved in cellular proliferation or DNA
synthesis (that is, histone H2b) is also dependent on the severity
(duration) of the initial ischemic insult [8, 9].
The role of pH1 or pH0 in recovery from ischemic renal injury
is poorly understood. The major objective of the current experi-
ments was to study transcriptional regulation of acid-base trans-
Fig. 5. Colonic H-K-ATPase Northern hybridization in rat kidney. Rep-
resentative Northern blots showing H-K-ATPase and 13-actin transcript
levels in cortex at 0, 12, and 24 hours of reperfusion (lanes 1, 2, and 3,
respectively) after 15 minutes of renal pedicle occlusion; 30 pg RNA were
loaded on each lane.
porters in ischemic injury following 15 or 30 minutes of renal
artery occlusion in rat. The salient feature of this study is the
differential regulation of NHE-3 and colonic H-K-ATPase
mRNA in reperfusion injury. NHE-3 is expressed exclusively in
cortical proximal tubules and medullary thick ascending limb of
Henle and is the major transporter for reabsorption of HC03 in
these two nephron segments [17, 30]. Suppression of NHE-3
mRNA and NHE-3 activity in reperfusion injury (Fig. 2 and Table
1) is consistent with decreased H secretion and, as a result,
inhibition of HC03 reabsorption and generation of cell acidosis
in affected cells during reperfusion. This is contrary to cellular
alkalosis that is observed during reperfusion in cardiac cells and
has been thought to worsen the cell injury [reviewed in 17]. The
cellular alkalosis that is observed during reperfusion injury in
myocardium is mediated via NHE-1. Proximal tubule cell pH,
however, is predominantly regulated by NHE-3. Suppression of
NHE-3 mRNA and activity is therefore consistent with cellular
acidosis during the reperfusion injury. The mechanism of NHE-3
suppression during recovery from ischemic renal injury is un-
known. One possibility is that severe ischemic injury in proximal
tubule damages the DNA machinery which in turn leads to
suppression of membrane transporters including N1-IE-3. How-
ever, lack of inhibition of NHE-1 (Table 2), which is also
expressed in proximal tubule cells, argues against such a possibil-
ity. Moreover, increased expression of colonic H-K-ATPase
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Fig. 6. Colonic H-K-ATPase mRNA in rat kidney cort& at 0 and 12
hours of reperfusion (control and 12 hr reperfusion, respectively) after 15 or
30 minutes of renal pedicle occlusion. A total of 30 pg RNA were loaded on
each lane.
Table 3. Effect of acetazolamide on systemic acid-base parameters
Plasma
IKI
Plasma
[CLI
Plasma
[HC03]
Plasma
[NaJ
Control 4.6 0.3 101 1 24.7 0.3 140 1
Acetazolamide 4.4 0.2 106 1 22 0.6 139 1.5
12 hr
Acetazolamide 4.1 0.2 113 2 18.3 0.3a 142 1
24 hr
N = 3 for each group. All concentations are in mEqiliter.
a P < 0.05 vs. control
after 15 minutes of renal ischemia, which causes mild structural
damage and NHE-3 suppression, suggests that severity of cell
injury per se does not explain the differential regulation of these
acid-base transporters.
Acidosis can protect against renal cell injury [6, 14, 15, 31]. The
molecular mechanism of this protection remains speculative.
Decreased NHE-3 expression and activity could result in cell
acidosis which, in turn, could play a beneficial role in enhancing
the recovery from ischemic renal injury in cells expressing this
isoform. In addition to reduction in HCO1 reabsorption, sup-
pression of NHE-3 could result in decreased reabsorption of
sodium in the proximal tubule and, therefore, might partially be
Fig. 7. Upper panel: Effect of acetazolamide (ACTZ) on colonic H-K-
ATPase mRNA levels in the kidney. Lane 1 (left), control; lane 2 (middle),
12 hours after ACTZ injection; lane 3 (right), 24 hours after ACTZ
injection. Lower panel: Nitrocellulose transferred RNA. Colonic H-K-
ATPase transcript size was —4.2 kb. A total of 30 pg RNA were loaded on
each lane.
responsible for natriuresis that is observed in acute ischemic insult
[5, 32].
Colonic H-K-ATPase [19] is involved in transepithelial
movement of HC03 in rat cortical and medullary collecting duct
cells [18]. Increased expression of colonic H-K-ATPase mRNA
can be consistent with increased H secretion and, as a result,
enhancement of HCO3 reabsorption. Colonic H-K-ATPase is
located downstream from NHE-3 and can get exposed to a
significant HC03 load immediately after reperfusion due to
decreased HC03 reabsorption in proximal and mTAL cells
secondary to suppression of NHE-3 activity. The increased ex-
pression of colonic H-K-ATPase will then result in reabsorp-
tion of the increased HC03 load, thereby preventing excessive
losses of HC03. Consistent with this hypothesis is rapid decline
in H-K-ATPase expression at 24 hours after reperfusion in rats
subjected to 30 minutes of renal artery ligation (Fig. 3), when
decreased GFR reduces HCO3 delivery to distal tubules. Inter-
estingly, when studied at 12 hours after reperfusion, colonic
H-K-ATPase mRNA levels went up as much following 15
minutes of occlusion as it did following 30 minutes of occlusion
(Fig. 6). Moreover, the expression of H-K-ATPase mRNA
remained elevated at 24 hours after reperfusion in kidneys from
rats with 15 minutes of ischemia, a response very different from
rats subjected to 30 minutes of ligation (Fig. 5 vs. Fig. 3).
wWWw*u
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Occlusion of renal artery for 15 minutes does not result in major
changes in GFR in this model [21]. As such, increased bicarbonate
delivery to the distal tubule resulting from mild suppression of
NHE-3 activity would not be offset by decreased GFR and should
persist. The increased expression of colonic H-K -ATPase
mRNA at 24 hours of reperfusion in kidneys from rats with 15
minutes of renal artery occlusion (Fig. 5) is indeed consistent with
the possibility that the expression of this transporter is regulated
by the HC03 load in the distal tubules. Alternatively, increased
expression of colonic H-K-ATPase at 12 hours after reperfu-
sion in 30 minutes ischemia could be due to increased HCO3-
delivery to distal nephrons of remaining functional nephrons.
Nephron damage in reperfusion injury is patchy in distribution.
Thus, functioning nephrons at 12 hours would most likely be
handling more filtrate to compensate for the lack of function in
other nephrons. As such, some nephrons will have more HCO3-
delivered to their distal segments (comapred to control or 24 hr)
which in turn can up-regulate colonic H-K-ATPase. It is
unlikely that colonic H-K-ATPase mRNA up-regulation is in
response to K imbalance, as there is no evidence for potassium
depletion in ischemia-reperfusion injury. In further support of an
up-regulation of colonic H-K-ATPase by HCO3-load, we ob-
served that treatment of rats with acetazolamide (a potent inhib-
itor of HCO3-reabsorption in proximal tubule) results in in-
creased renal HCO3 loss (Table 3) and a concomitant fourfold
increase in colonic H-K-ATPase mRNA (Fig. 7).
In addition to colonic H-K-ATPase, a gastric H-K-
ATPase is also involved in HC01 reabsorption in collecting
ducts [18]. Northern hybridization studies, however, did not show
any alterations in gastric H-K-ATPase mRNA abundance at 12
or 24 hours of reperfusion in 30 minutes renal ischemia (data not
shown). Microperfusion studies have shown that H-ATPase
mediates, to some extent, HC03 reabsorption in proximal and
distal tubules [18]. Regulation of H-ATPase mRNAin ischemia-
reperfusion injury, however, could not be studied in these exper-
iments, as high abundance of endosomal H-ATPase makes it
Fig. 8. Nitorcellulose membrane-transferred
RNA. Equal loading of RNA in gets from
Figures 2 to 6 are shown in A to E. A is the
nitrocellulose-transferred RNA for Figure 2; B
for Figure 3; C for Figure 4; D for Figure 5;
and E for Figure 6.
very difficult to distinguish between the endosomal and mem-
brane-bound H-ATPase.
The expression of NHE-1 in the cortex increased mildly in
reperfusion injury. NHE-1 is localized on the basolateral mem-
branes of cells of proximal tubule, limbs of Henle, and collecting
duct and is mostly involved with pH regulation [17, 33]. Increased
NHE-1 mRNA expression in the cortex suggests that this isoform
is likely activated in response to the cell acidosis that is observed
in reperfusion injury [5, 6]. NHE-2 and NHE-4 are likely involved
in cell volume regulation in hyperosmotic states [17, 34—361.
Renal ischemia-reperfusion injury is associated with cell swelling
[5, 6, 37]. Decreased expression of NHE-2 or NHE-4 might
therefore reflect state of cell hydration. In support of this hypoth-
esis, we find that the expression of sodium-dependent betain
cotransport, an osmotically-sensitive transporter, is decreased in
reperfusion injury (unpublished results).
For the experiments in Figures 2 to 6, we used -actin mRNA
levels as constitutive control gene. Recent studies have shown that
actin mRNA levels could increase during reperfusion injury [38,
39]. To determine equal loading of RNA, nitrocellulose-trans-
ferred RNA membranes for blots shown in Figures 2 to 6 were
studied (Fig. 8, A-E). These results indicate equal loading of RNA
in all lanes.
In conclusion, Na/H exchanger isoform NHE-3 and H-K -
ATPase are differentially regulated in ischemic reperfusion injury.
NHE-3 mRNA is decreased whereas H-K-ATPase mRNA is
increased after ischemic injury. Overexpression of H-K-
ATPase may be vital to acid-base homeostasis in early phase of
acute ischemic renal failure.
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